Fine-grained tungsten carbide copper (WC-Cu) cemented carbide was sintered via spark plasma sintering at 1773 K using a fine WC powder with a mean particle size of 0.11 mm. The mechanical properties were compared with tungsten carbide cobalt (WC-Co) cemented carbide and a binderless WC-sintered material. The Vickers hardness and fracture toughness obtained by the indentation fracture method for WC-10 mass% Cu cemented carbide were $1600 and $10 MPaÁm 0:5 , respectively, which were in no way inferior to the values for WC-Co cemented carbide. Increasing the amount of copper improved the toughness and degraded the hardness. WC-Cu cemented carbide exhibited much higher creep resistance than WC-Co cemented carbide, and was the same as the binderless WC-sintered body up to 1273 K.
Introduction
Tungsten carbide (WC) has the attractive properties of a high melting point (3143 K) and a high degree of hardness (Hv: $2600), and is widely used in wear-resistant parts and cutting or drilling tools. In practice, cemented carbides are used which are densified by binder metals such as cobalt, nickel and iron by liquid-phase sintering. The binder metals act as a matrix, i.e., a cementing phase between WC grains, and this greatly improves the sinterability and toughness of the material. Thus, cemented carbides are considered to be microscopic composites of WC and metal.
Although such cemented carbides exhibit high toughness and high strength at room temperature, they are subject to creep which degrades their strength at elevated temperatures, and this limits their practical use to temperatures below 1073 K. 1) Therefore, a method of improving creep resistance and strength at elevated temperatures is highly desirable for a wide range of industries. Essentially, sinterability and creep resistance are related to each other, and binders such as cobalt, nickel and iron significantly decrease the creep resistance. Although binderless WC-sintered materials exhibit high creep resistance, they are too brittle and weak for practical tool.
We designed a new creep-resistant WC cemented carbide with two viewpoints in mind. First, the binder is required to be ductile after sintering at high temperature. Most metals react with WC during sintering and form brittle carbides. Transition metals such as cobalt, nickel and iron are traditionally used as the binder for WC cemented carbide. The standard formation energy for carbides using these metals is relatively high, and it is difficult to form brittle carbides, which is one of the reasons why these metals are suitable binders for WC. Secondly, the binder does not have to significantly improve the sinterability of WC, since this leads to a degradation in creep resistance. There are two important factors which affect sinterability during liquidphase sintering, the wettability of the liquid binder on the solid carbide, and the solubility of the solid phase in the liquid phase. Iron, nickel and cobalt exhibit superior wettability and solubility characteristics, which is another reason why these metals are used.
In this study, we selected copper as the binder for WC since it is the next transition metal to iron, nickel and cobalt in the periodic table. Copper offers superior ductility and does not react with carbon to form any carbide at elevated temperatures. Use of copper as a binder is expected to improve the toughness of WC and result in an increase in strength at room temperature. In addition, both carbon and tungsten have very low solubilities in liquid copper. Although this makes copper a poor sintering additive, this effect inhibits the degradation of the creep resistance. Until now, there have been no reports on the fabrication or mechanical properties of dense WC-Cu cemented carbide due to the difficulty of densification of this material.
In this study, we fabricated a dense WC-Cu cemented carbide and investigated its hardness, toughness and creep behavior, and compared it to WC-Co cemented carbide and binderless WC-sintered material. The results indicate that WC-Cu cemented carbide is a suitable material for practical applications at elevated temperatures.
Experimental Procedure
A fine WC powder (Grade; WC02NR, ALMT Co., Ltd.) with a mean particle size of 0.11 mm was used as a starting material. The powder was mixed with fine copper (Cu) powder (Kojundo Chemical Co., Ltd.) with a mean particle size of 1 mm, and fine cobalt (Co) powder (UMEX Inc.) also with a mean particle size of 1 mm. The mixed powders were planetary ball milled with a cemented carbide ball in a cemented carbide container at 300 rpm for 1 h in ethanol. The compacts of the milled powders were sintered at 1473-1773 K under 50 MPa in an argon atmosphere using a spark plasma sintering (SPS) system (Dr. Sinter Lab. SPS-515S; SPS Syntex Inc.).
The sintered bodies were cut, mirror-polished and chemical etched, and then observed by scanning electron mi-croscopy (SEM) (S-4500, Hitachi Ltd.). The chemical composition was analyzed by energy-dispersive X-ray spectroscopy (EDS) (Sigma, Kevex). X-ray analysis (RINT 2500, Rigaku Co.) was also carried out to determine the crystalline phase.
Indentation tests were conducted using a hardness tester (AVK-C2, Akashi Co., Ltd.). The samples were mirror polished and Vickers hardness and fracture toughness were measured under an indentation load of 5 kgf for 15 s.
The sintered bodies were cut into rectangular bars measuring 1:5 mm Â 1:5 mm Â 2:5 mm and polished using a diamond disk for compression testing. Compression tests were conducted using an electrically controlled hydraulic machine (Model EHF-EG10kNT-10L Servo Pulser, Shimadzu Corp.) at a constant crosshead speed, with an initial strain rate of 1 Â 10 À5 s À1 , at temperatures of 1173, 1273 and 1373 K in a helium atmosphere. Each sample was heated to the given temperature at a rate of 50 K/min and then maintained at that temperature for 30 min before testing to compensate for thermal expansion of the system.
Results and Discussion

Sintering behavior of WC cemented carbide
We first investigated the effects of the binder on the sinterability of the material using the SPS method. Figure 1 shows a comparison of the sintering behavior of the WC powders with 10 mass% (16 vol%) Cu, 10 mass% (16 vol%) Co binders and without binder. In these experiments, SPS was carried out at a heating rate of 50 K/min under a pressure of 50 MPa. Figure 1 shows that the binderless WC powder compact was densified at $2073 K. Cobalt addition significantly enhanced the sintering of WC and the densification temperature was $1473 K. Although the addition of copper was not as effective as cobalt, the densification temperature of $1773 K was 300 K lower than that without a binder.
Usually WC with a cobalt binder is liquid-phase sintered without applied pressure and densified at $1673 K. However, at such temperatures, WC with a copper binder is difficult to fully densify in the absence of applied pressure, in spite of the fact that the copper is molten. 2) In the present case, the WCCu cemented carbide was densified at 1773 K due to the applied stress.
Such differences in sinterability can be explained by the kinetics of liquid-phase sintering. One of the most important rate-controlling factors in liquid-phase sintering is the solubility of the solid phase in the liquid phase, which influences all stages of the liquid-phase sintering process. In the initial stage of sintering, a high solubility of the solid phase improves the wettability of the liquid binder on the solid particles. This leads to increased lubrication and smoothening of the particle surfaces, which in turn accelerates the rearrangement of particles leading to rapid initial shurinkage.
3) Additionally, in the middle and final stages, where a solution-precipitation process is occurring, the solubility of solid phase in the liquid phase is the important rate-controlling factor that determines the densification rate. For example, Kingery 4) described the rate of shrinkage ÁL=L 0 in the middle stage of liquid-phase sintering as
for the case of diffusion rate control, and
for the case of phase boundary reaction rate control, where is the thickness of the grain-boundary liquid phase, is the atomic volume, is the surface energy between the liquid and vapor phases, D is the diffusivity of the solid phase in the liquid phase, C is the solubility of the solid phase in the liquid phase, t is the sintering time, R is the radius of the particle, k is the Boltzmann constant, T is the absolute temperature, and k r is a reaction constant. The solution-precipitation process in WC-Co cemented carbide has been reported to be rate-controlled by a phase boundary reaction, 5) which means the diffusion of tungsten and carbon in the cobalt phase is sufficiently fast. Therefore, the solubility of WC in Co controls the densification rate. A pseudo-binary phase diagram for the system of cobalt and WC 6) shows that the solubility of WC in cobalt is >20 at% at 1673 K. On the other hand, the solubilities of tungsten 7) and carbon 8) in copper are <0:002 at% and <0:0001 at% at 1673 K, respectively, which are four to five orders of magnitude lower than the solubility in cobalt. Although the diffusivity of tungsten and carbon in copper is not well known, the rate controlling process is thought to be the phase boundary reaction because of the low solubility of tungsten and carbon in copper. Such differences of solubility in cobalt and copper would account for the difference in the sinterability of these materials. Of course, if the diffusivities of tungsten and carbon in copper are extremely low, it is possible for diffusion to become the rate controlling process. In any case, the low sinterability of WC-Cu cemented carbide can be easily understood.
In the present experiment, WC-Co cemented carbide was sintered at 1473 K, which was lower than the eutectic temperature, and no liquid phase was formed during sintering. However, the solid solubility of WC in the cobalt phase is $7 at% at 1473 K, much higher than the solubility of tungsten and carbon in the liquid copper phase at 1673 K. Moreover, the diffusivities of tungsten and carbon in cobalt are $10 À15 and $10 À11 m 2 /s at 1473 K, respectively. 9) On the other hand, the diffusivities of tungsten 10) and carbon 11) in WC are $10 À15 and $10 À19 m 2 /s at 2273 K, respectively. Therefore, it is possible for the cobalt phase to act as the pathway for mass transport. Table 1 shows the characteristics of the sintered compacts. All of the sintered bodies were fully densified. The mean grain size of the WC-Cu and WC-Co cemented carbides and the binderless WC-sintered body were 210, 270 and 270 nm, respectively. The grain size of the WC-Co cemented carbide was larger than that of the WC-Cu cemented carbide in spite of its lower sintering temperature. As with it's sintering behavior, grain growth in WC-Co cemented carbide is thought to be accelerated by mass transport through the cobalt phase or grain boundaries where cobalt has segregated, as will be discussed later. Such mass transport would be extremely limited in WC-Cu cemented carbide. XRD analysis detected only WC and copper phases in the WC-Cu cemented carbide. Figure 2 shows a SEM micrograph of the WC-10 mass% Cu cemented carbide and the results of EDX analysis, which revealed that the bright regions were WC grains and the dark regions corresponded to the copper binder phase.
Microstructure
Although the sintering temperature was much higher than the melting point of copper, the copper phase did not spread homogeneously and cause wetting of the particles, since liquid copper does not wet carbon. It is thought that a homogeneous microstructure can be obtained by controlling the chemical composition of the interface between copper binder and WC particles.
Indentation test
During indentation testing, median cracks were produced in the binderless WC-sintered body and Palmqvist radial cracks in the WC-Cu and WC-Co cemented carbides. The fracture toughness of the binderless WC-sintered body was calculated using Miyoshi's equation. 12) For WC-Cu and WCCo cemented carbides, Niihara's equation 13) was used to calculate the fracture toughness, which was overestimated by Miyoshi's equation. Table 2 summarized the results of the indentation test. The WC-10 mass% Cu cemented carbide exhibited a Vickers hardness of $1600, which was almost the same as that for the WC-10 mass% Co cemented carbide and the heat-resistant commercial tool (91.5WC, 6Co, 0.5TiC, 1.8TaC, 0.2NbC (mass%), d ¼ 800 nm). The fracture toughness of the WC-10 mass% Cu cemented carbide was $10 MPaÁm 0:5 , which was much higher than that of the binderless WC-sintered body, and was in no way inferior to the values for the WC-Co cemented carbide and the commercial tool. The dependence of the hardness and toughness on the amount of copper additive is shown in Fig. 3 . The toughness improved and the hardness degraded with increasing copper content, as is generally seen in cemented carbides. Therefore, the addition of copper as a binder for WC is an effective method of improving fracture toughness. Figure 4 shows stress-strain curves for the WC-10 mass% Cu and WC-10 mass% Co cemented carbides and the binderless WC-sintered body, under compression at an initial strain rate of 1 Â 10 À5 s À1 at 1273 K. The WC-Co cemented carbide exhibited creep deformation at low steady stress. On the other hand, the WC-Cu cemented carbide showed extremely high strength equal to the binderless WC-sintered body. Figure 5 shows the temperature dependence of the stress at a strain of 0.02 and an initial strain rate of 1 Â 10 À5 s À1 , which indicates that the WC-Cu cemented carbide maintained a high compressive strength up to 1273 K. Such excellent creep resistance is thought to be related to the extremely low solid solubility of WC in the copper phase, as was previously discussed in regard to it's sintering behavior. As mentioned earlier, the tungsten and carbon atoms dissolve much more easily in the cobalt phase, and they diffuse very rapidly. Consequently, mass transport through the cobalt phase promotes the creep at elevated temperatures. Furthermore, in this system, diffusion at the boundaries between WC grains would be enhanced by the segregation of cobalt atoms. Such segregation at WC/WC grain boundaries was previously detected in WC-Co cemented carbide. 14) We have also shown that segregation of boron at grain boundaries in SiC promoted grain growth and/or deformation at elevated temperatures. [15] [16] [17] This was due to the fact that grainboundary diffusion of silicon is significantly enhanced in the B 4 C-like local structure of the grain boundary in borondoped SiC, because the diffusion coefficient of silicon atoms in B 4 C is three orders of magnitude higher than that in SiC. In the same way, the diffusion of tungsten and carbon at the WC/WC grain boundaries is thought to be enhanced by the intergranular segregation of cobalt. It is unknown whether or not copper segregates at WC/WC grain boundaries, but if it is the case then it would be interesting to study the effects on mechanical properties such as hardness, toughness, and deformation.
High temperature deformation
Summary
Dense WC-Cu cemented carbide was fabricated by spark plasma sintering at 1773 K. The Vickers hardness and the fracture toughness were measured by the micro indentation method, and the values obtained for WC-10 mass% Cu were $1600 and $10 MPaÁm 0:5 , respectively. Since these values were in no way inferior to those for WC-Co cemented carbide, the addition of copper effectively improved the toughness. The WC-Cu cemented carbide exhibited excellent creep resistance up to 1273 K, thus making it a practical material for use at elevated temperatures. 
